Abstract: Rice-wheat cropping system (RWCS), a lifeline for the majority of the population in South Asia is under stress, due to the imbalanced and indiscriminate use of fertilizers. Therefore, we conducted an on-farm study at eight locations (Amritsar, Katni, Nainital, Samba, Pakur, Kanpur, Ambedkarnagar, and Dindori) covering five agro climatic zones of six Indian states (Jammu and Kashmir, Punjab, Uttarakhand, Uttar Pradesh, Madhya Pradesh, and Jharkhand) to (i) calculate the partial factor productivity (PFP) and agronomic use efficiency (AUE) to judge the response of NPK and Zn on grain yield of rice and wheat in RWCS and (ii) to work out the economic feasibility of different combinations of NPK in rice and wheat. Seven fertilizer treatments: Control (0-0-0), N alone (N-0-0), NP (N-P-0), NK (N-0-K), NPK (N-P-K), NPK+Zn (N-P-K-Zn), and FFMP (Farmers Fertilizer Management Practice) were assigned to all the locations. The levels of applied nutrients were used as per the standard recommendation of the location. The average of all the locations showed that the use of NP enhances the grain yield of rice and wheat by 105% and 97% over control, respectively. System productivity of RWCS was expressed in terms of rice grain equivalent yield (RGEY), Mg ha −1 . Among the locations, Samba recorded the lowest productivity of RWCS with fertilizer treatments. In contrast, the highest productivity of RWCS with fertilizer treatments was recorded at Amritsar, except with NPK and NPK+Zn fertilization, where Katni superseded the Amritsar. An approximately 3-fold productivity gain in RWCS was recorded with the conjoint use of NP over control across the locations. Overall, the results of our study showed that the balance application of NPK increased the productivity of RWCS 245% over control. Partial factor productivity of Nitrogen (PFP n ) N alone in rice varied across locations and ranged from 19 kg grain kg −1 N at Pakur to 41 kg grain kg −1 N at Amritsar. PFP n of N alone in wheat also ranged from 15.5 kg grain kg −1 of N at Ambedkarnagar to 28 kg grain kg −1 N at Amritsar. However, across locations the mean value of PFP n of N alone was 29 kg grain kg −1 N in rice and 21 kg grain kg −1 N in wheat. PFP n increased when combined application of N and P sorted in both rice and wheat across the locations. Similarly, combined application of NPK increased partial factor productivity of applied phosphorus (PFP p ) in both the crops at all the locations. The combined application of NPK increased the PFP k for applied K at all the location. The response of K application with N and P when averaged over the location was 114% in rice and 93% in wheat over the combined use of N and K. In our study, irrespective of fertilizer treatments, the agronomic use efficiency of applied N (AUE n ) and agronomic use efficiency of applied P (AUE p ) were greater in rice than in wheat across the location. With regards to the economics, the mean net monetary returns among the fertilizers treatments was minimum (INR 29.5 × 10 3 ha −1 ) for the application of N alone and maximum (INR 8.65 × 10 3 ha −1 ) for application of NPK+Zn. The mean marginal returns across the locations was in order of N alone > NK > FFM > NPK > NP > NPK+Zn.
Introduction
The rice-wheat cropping system (RWCS) is a prominent life-supporting food production system for majority of the populace in Asia, occupying an approximately 24 Mha area in Asian subtropical countries (China, India, Nepal, Bangladesh, and Pakistan) [1] [2] [3] . RWCS accounted for approximately 32% and 42% of the total rice and wheat area in these Asian countries, respectively [4] . The RWCS is indispensable for securing the food security to more than 20% of the world's population [4] . Rice and wheat are the two central pillars of food security in India, accounting for approximately 58% and 77% of the total area and food grain production in the country, respectively [5] . The majority of the Indian population lives in villages and the combined share of these two commodities accounted more than 90% of total cereal consumption in rural India [6] . However, the sustainability of rice and wheat production is under threat due to monotonous husbandry of RWCS in the same area of field. Repeated cultivation of RWCS causes excess soil nutrient mining [3, 7, 8] and productivity fatigue. Hence, productivity enhancement of RWCS must be a prime concern to feed the rapidly increasing population of India, which is predicted to increase to 1.35 billion by 2025 [9] . Capital and energy-intensive conventional farmer's management practices for rice and wheat cultivation puts this life supporting production system on a ventilator. RWCS is practiced on diverse soil types and ecologies across the agro climatic zones of India. Including shallow to deep loamy forest and podzolic brown soils having medium to high organic matter under arid to sub-humid climates of the Western Himalayan region (WH), coarse to fine textured loam soils of semiarid to sub-humid climate of the Upper Gangetic Plains (UGP), sandy loam to clay textured soils under the moist to dry sub-humid climate of the Middle and Lower Gangetic Plains, sandy red to yellow soils under moist sub-humid to sub-humid climate of the Eastern Plateau and Hills (EPH), and mixed red to black soils under the dry sub-humid climate of Central Plateau and Hills (CPH). Rice and wheat are grown with ample supply of irrigation water under the Trans Gangetic Plains (TGP) and UGP with a number of irrigation types: 15 to 30 in rice and three to six in wheat [3] . However, the RWCS is moderately irrigated in the middle Gangetic Plains (MGP) and Lower Gangetic Plains (LGP) [10] . In EPH and CPH regions rice is grown under a rainfed situation and wheat is grown under a restricted irrigation condition (1-3 irrigation types). Fertilizer use in RWCS is also highly variable across the agro climatic regions of India [2, 10] . Both rice and wheat are heavy feeder and nutrient-exhaustive crops [3, 11] . The amount of external nutrient applied to rice and wheat cannot keep pace with the amount of nutrients removed from the soil, which leads to soil and production lassitude [12, 13] . The well-fertilized crops of rice and wheat meet~50.8% of their nitrogen requirements from the soil [14] , which may results in poor factor productivity of RWCS [15] . The situation of nutrient mining is more alarming in the highly productive areas of the Indo Gangetic Plains (IGP) of India, where widely cultivated RWCS is supported with inadequate and unbalanced nutrient management practices [16] . Yield stagnation [17] , poor water, and nutrients use efficiency [18] , depletion of soil organic carbon (OC) [19] , soil degradation [20] , multi-nutrient deficiencies [12] , and reduction in factor productivity [7, 21] questioned the sustainability of RWCS system. Despite of contrasting growing requirements of rice and wheat, continuous cultivation of RWCS led to the retrogression of native soil fertility and multi-nutrient deficiency [8, 22] . Most Indian soils are deficient in S, Zn, M, Cu, B, and Mo [16] . Rice crops in a RWCS struggle with iron and zinc deficiency. Similarly, the succeeding wheat crop also suffers from manganese (Mn) dearth in Punjab and boron deficiency in West Bengal [23] . Hence, the occurrence of multi micronutrient deficiencies are the new deterrent in façade of the sustainability of the RWCS, as farmers are not aware to correct the deficiencies of these yield driven nutrients. Therefore, at many locations resource poor farmers unknowingly started to use a higher amount of N fertilizer than the local recommendation to maintain the past yield level [24] . This kind of emerging scenario is a major culprit of the poor economic returns [25] [26] [27] of the RWCS as well as aggravating environmental pollution [28] . In general, RWCS is relatively more productive than other prevailing cropping systems in India. The problems of multi-nutrient deficiency are deceptively more severe with high yielding production systems as compared with the relatively poor yielding production systems [16, 29] . Results of long-term experiments in India advocated the application of 120 kg N ha −1 to each crop in RWCS for fetching higher economic yield [30] . In RWCS, the net negative balance is 2.22 M t annum −1 for NPK in IGP [31] . Application of NPK along with organic manures could increase SOC by 24% under continuous cropping of rice and wheat [32] . Intelligent tactics of nutrient management can improve crop productivity and SOC sequestration in cropping systems [12] . Yield exaltation in RWCS due to balance fertilization is reported by many researchers [33, 34] . Hence, balance fertilization is a realistic solution to maintain the sustainability of RWCS through appropriate supply of nutrients. Balanced nutrition increases a plant's ability to absorb requisite amounts of desired nutrients and thus, improve crop productivity and input use efficiency. Apart from NP and K, the micronutrient Zn is the fundamental element for determining crop growth and yield. Appropriate fertilizer management strategies without excess reliance on single fertilizer use have the ability to correct the deficiency of NP and Zn-the most limiting nutrients in the rice-wheat soils. Cultivators' fields of major rice-wheat growing areas are fragmented and typically small with huge spatial variability in management strategies. Large variations in soil nutrient balance and nutrient requirements of the RWCS exist among the agro climatic zones mainly due to crop management's practices, which influence the attainable crop yields greatly [3] . Rice-wheat growers in India often apply a greater amount of nitrogen fertilizers, but overlook the adequate application of other nutrients, particularly phosphorus, potash, and micronutrients [13] . Across the rice-wheat growing areas of India the yield and nutrient application gap is very wide between on-station and on-farm experiments [3] . Blanket fertilizer application over large areas is typical in RWCS areas, which leads to inefficient utilization of applied nutrients and other production inputs [35] . Hence, the field-specific nutrient needs of crops should be tailored with fertilizer application for harnessing the optimum nutrients use efficiency of applied nutrients. Most of the nutrients management studies in RWCS were conducted in on-station experiments in IGP. Information on the benefit of balance fertilization application on productivity of RWCS based on multi-location trials especially outsides of IGP on farmer's fields across the rice-wheat growing areas in India is very scarce. The study of crop modeling and simulation is an important area in the prediction of crop performance behavior under changing management practices in diverse regions; as the performance and behavior of crop models is primarily made through comparison of simulated and observed variables. Pezzuolo et al. [36] showed the possibility of using the SALUS model to evaluate the performance of crops and energy output to crop and soil management conditions with long-term predictions up to 2025 in USA. Similarly, authors of another past paper [37] evaluated the impact of climatic trends and variability based on 25 to 30 years of observed data in RWCS using DSSAT in IGP of India and found very good agreement between the observed and simulated yield of rice and wheat. Hence, the data generated in this study may be useful for simulation and modeling studies for long-term policy formulations for sustainable development of RWCS. We, therefore, conducted scientifically-designed farmer-managed farm experiments with rice and wheat in system mode, representing a range of contrasting locations in India, with the following objectives, to (i) determine the grain yield of rice and wheat with per kg application of nutrients (NPK and Zn), (ii) make a comparative assessment on yield of rice and wheat with the combined and balanced application of NPK and Zn over farmers' fertilizer management practices and N alone, and (iii) conduct a profitability assessment and/or financial budgeting of nutrients use. where the RWCS is a principal food production system. However, Samba, Nainital, Pakur, Katni, and Dindori are located outside IGP where the RWCS is an emerging production system. The locations chosen for the study represent diversity in soils, climatic conditions, and fertilizer application by the growers (Table 1) . Amritsar, located in the Trans Gangetic Plains (TGP) of IGP has a semiarid climate with temperatures ranging from 0 • C to 42 • C. However, the average maximum and minimum annual temperature are 30.4 • C and 15.5 • C, respectively. In general, January is a coolest month and May is the warmest month. Annual rainfall is~712 millimeters (mm). Soils are alluvial in origin and low in organic C, nitrogen, and phosphorus. Gross cropped area is 0.42 Mha. The cropping intensity is 194%. The average productivity of rice and wheat in the district are 2907 kg ha −1 and 4049 kg ha −1 , respectively. Rice, wheat, maize, rapeseed, mustard, and cotton are the principal field crops in the region.
Materials and Method

Study Region
Kanpur is located in Upper Gangetic Plain (UGP) of IGP has dry-summer subtropical climates often referred to as "Mediterranean" and alluvial soils. The average annual maximum temperature is 32.2 • C; whereas the minimum temperature is~19.2 • C. The average amount of rainfall is 801.5 mm. The warmest month is May, with an average temperature of 41.3 • C, and the coolest month is January, with an average temperature of 8.5 • C. The gross cropped area of Kanpur is 0.266 Mha with an average cropping intensity of 113%. The average yield of rice and wheat are 2286 kg ha −1 and 3107 kg ha −1 , respectively. Rice, maize, sorghum, wheat, gram, rapeseed, and mustard are the major field crops of the area.
Katni is located in Central Plateau and Hill region (CPH) has hot sub-humid dry climate. The average amount of rainfall is 1171.4 mm. May is the hottest month in the year with a maximum temperature of 42 • C and January is the coolest month with minimum temperature of 9 • C. The soils are alluvium in origin. The gross cropped area is 0.25 Mha with average cropping intensity of 128%. The average yield of rice and wheat are 734 kg ha −1 and 1005 kg ha −1 , respectively. Rice, wheat, gram, linseed, lentil, pea, maize, and seasamum are the major field crops of the area.
Ambedkarnagar located in the Middle Gangetic Plain (MGP) of IGP has a hot sub-humid climate. The soils of the district are alluvium in origin and categorized as new alluvium (locally known as Khadar) and old alluvium (locally known as Bhangar); the average annual rainfall is 1028.9 mm. The gross cropped area is 0.28 Mha with average cropping intensity of 169%. The average yield of rice and wheat are 2637 kg ha −1 and 3279 kg ha −1 , respectively. Rice, sugarcane, wheat, pea, potato, and rapeseed and mustard are the major field crops of the region.
Samba located in Western Hill region (WH) has a warm humid climate with a hot dry summer and cold winter. The average annual rainfall is 1156.5 mm with annual maximum and minimum temperature of 29.5 • C and 17.8 • C, respectively. Soils are light sandy/loam in texture. At high altitude soils are sparse and full of gravels but the soils of the valleys are alluvial in nature. The gross cropped area is 60.26 Mha with an average cropping intensity of 211%. The average yield of rice and wheat are 1875 kg ha −1 and 1739 kg ha −1 , respectively. Rice, wheat, maize, and millets are the major field crops of the region.
Nainital, also located in WH, has a subtropical highland climate with a relatively cool summer and severe winter. The soils are sandy to loamy in texture with shallow to moderately shallow in depth. July is hottest month with a temperature range of 16.4 • C to 23.5 • C, while January is the coldest month with a temperature range of 1.7 • C to 10.7 • C. The average annual rainfall is 1831.2 mm. Soils are light sandy to alluvial loam in nature. The gross cropped area is 0.075 Mha with an average cropping intensity of 156%. The usual productivity of rice and wheat are 2100 kg ha −1 and 2450 kg ha −1 , respectively. Rice, wheat, soybean, maize, sugarcane, potato, mustard, gram, and millets are the major field crops of the region.
Pakur is located in EPH and has a humid to sub-humid climate with red and black soils. The maximum temperature in Pakur reaches up to 40 • C during the month of May. In contrast the minimum temperature falls to 4 • C during December. The average amount of rainfall is 1550 mm. The gross cropped area is 0.063 Mha with average cropping intensity of 107%. The average yield of rice and wheat are 1413 kg ha −1 and 1550 kg ha −1 , respectively. Rice, wheat, pigeon pea, gram, black gram, and lentil are the major field crops of the region.
Dindori is also located in EPH and has a hot sub-humid climate with a moderate winter and severe summers as well as well-distributed rainfall received from southwest monsoon. The average amount of rainfall is 1376.7 mm. The soils are alluvial in nature. The minimum temperature in the higher hills decreases 2 to 3 • C during the winter months, whereas the maximum temperature in valley areas goes beyond 45 • C during the peak summer month. The gross cropped area is 0.27 Mha with average cropping intensity of 135%. The average productivity of rice and wheat are 825 kg ha −1 and 606 kg ha −1 , respectively. Rice, wheat, soybean, maize, black gram, millets, niger, gram, and lentil are the major field crops of the region.
The farmer's field where RWCS has been practiced for more than 10 consecutive years were selected to ensure that the research findings were relevant to long-term RWCS and not baffled by rotation and fertilizer management with other crops having different input demands. A stratified random sampling technique was used for selecting the experimental unit at every location. At all the locations every selected farmer was interviewed between May and June of 2016 to examine their current crop and nutrients management practices. Among the locations the wide variation were observed in crop management practices and in nutrient use ( Table 1 ). The average annual production (kg ha −1 ) of RWCS (rice + wheat) across the locations was in the order of Amritsar > Ambedkarnagar > Kanpur > Nainital > Samba > Pakur > Katni > Dindori.
Treatments and Crop Management
Experiments were conducted between 2016 and 17 at 152 farmer's fields in eight districts (locations) under the jurisdiction of six Indian states representing five diverse agro climatic zones of India. The numbers of cultivator's fields selected for evaluation purpose in various districts were twenty four in each of Amritsar, Kanpur, Nainital, and Pakur whereas twenty in Ambedkarnagar, and twelve in each of Dindori, Katni, and Samba. Seven fixed plots (100 m 2 each) were demarcated in every farmer's field to evaluate a set of seven fertilizer treatments both in rice and wheat, the fertilizer treatments were Control (no fertilizer application), N alone (N-0-0-0), NP (N-P-0-0), NK (N-0-K-0), NPK (N-P-K-0), NPK and Zn (N-P-K-Zn), and Farmers fertilizer management practices (FFMP). As per the treatments the recommended dose of nitrogen (N), phosphorus (P), potassium (K), and zinc (Zn) was applied to both the crops under investigation except absolute control, where no application of fertilizers (nutrients) was sorted. The fertilizer treatments were assigned to rice crop randomly in each plot ensuring that the same level of fertilizer has come in subsequent wheat crop of the system.
All fertilizer treatments were applied in the recommended dose except in FFMP ( O] containing 21% Zn. In rice, a full dose of P, K, and Zn and a half dose of N were applied as basal; the remaining half dose of N was applied at panicle initiation stage. However, in wheat, the full dose of P, K, and Zn along with one third dose of N were applied as basal and the remaining amount of N was applied in two equal splits at crown root initiation (CRI) and at anthesis at all the locations. Except for fertilizer treatment imposition, farmers used their own cultural practices and resources for growing both crops. The details of genotypes and transplanting/sowing time of rice and wheat in different locations are given in Table 3 . Researchers recorded the yield data and collected the soil sample for assessing the preliminary fertility status before the commencement of on-farm experiments in individual plots across the tested locations. An approximately 25 day-old rice seedling was transplanted ubiquitously. Before the transplanting of rice, farmers ploughed, puddled, and levelled their field to ensure better crop establishment. Two seedlings of rice per hill were planted at 2 cm depth with a planting geometry of 15 × 15 cm. Weed infestation is a major problem in rice-based production systems and threatens system productivity [38] . The farmers of Pakur, Katni, Kanpur, and Dindori practiced one-two manual weeding to reduce the weed menace. However, farmers of Amritsar, Samba, Nainital, and Ambedkarnagar applied Butachlor (N-butoxymethyl-2-chloro-2 ,6 -diethylacetanilide) @ 3.0 L ha −1 followed by one manual weeding to minimize the losses due to weeds in rice. The rice crop was grown with irrigation at all locations except at Katni, Dindori, and Pakur. Rice was harvested manually with sickle, leaving approximately 10 to 15 cm stubbles in the field. After rice, the plough layer (10-15 cm) of soil was tilled three to four times with a tractor-drawn harrow and cultivator at Amritsar, Kanpur, Ambedkarnagar, and Pakur, whereas at Nainital and Samba soil was tilled five to six times with a power tiller and at Dindori and Katni, a good tilth was prepared using bulk drawn plough and cultivators.
After harvest of rice, wheat was sown at the rate of 125 kg seed ha −1 at 4-5 cm depth maintaining 22.5 cm spacing between the rows using a tractor drawn seed drill at Amritsar and Kanpur. At other locations, wheat was sown by broadcasting followed by planking to cover the seeds. With regards to the weed management in wheat, farmers followed two to three manual weeding at Dindori and Pakur. Whereas, farmers of Kanpur, Ambedkarnagar, Nainital, Samba, and Katni practiced one hand weeding and one chemical weeding (use of Isoproturon at the rate of 1 kg ha −1 ) to manage the weeds in wheat. However, farmers of Amritsar supplemented one hand weeding with axial (Pinoxaden + Cloquintocet-Mexyl) at the rate of 50 g ha −1 to minimize the losses due to weeds in wheat. Wheat was harvested manually with help of iron sickle retaining 5 cm of stubbles in the field at Dindori, Katni, Pakur, Nainital, and Samba. At Amritsar, Ambedkarnagar and Kanpur farmers used diesel-operated combine harvesters leaving~15 cm crop stubbles in the field. Grain and straw yields of rice and wheat were determined from a 20 m 2 area in each pre-demarcated plots. After three days sun-drying in the field, the total biomass (grain + straw) was weighed and threshed. Grain yields were reported at 14% moisture content in both rice and wheat. Straw yields were reported on a dry weight basis.
Soil Analysis
Before the initiation of on-farm experiments during Kharif 2016 at all the locations, soil samples were collected from the plough layer (0-15 cm depth) at ten places in each of the 152 farmer's fields. Collected soil samples were mixed thoroughly and well-homogenized by using a pestle and mortar and passed through a 100-mm sieve to eliminate the undesired material, afterwards the representative sample was drawn for chemical analysis. Soils were analyzed for organic carbon (Walkley and Black method), extractable N (alkaline KMNO 4 method) suggested by Subbiah [39] , extractable P (0.5 M NaHCO 3 , pH 8.5 extraction) [40] , and extractable K (1 M NH 4 OAc, pH 7.0 extraction) [41] . Particle size analysis was conducted by the International Pipette method.
Estimation of Nutrients Use Efficiencies
Nutrient use efficiency (NUE) is an innovative and ultimate concept to evaluate the sustainability and profitability of cropping systems, mainly affected by fertilizer managements. In this study we have estimated the NUE in terms of Partial Factor Productivity (PFP) and Agronomic Use Efficiency (AUE) of applied nutrients. PFP is a production efficiency calculated in unit of crop yield harvested per unit of nutrient applied however; AUE was calculated to quantify the effect of one unit application of a particular nutrient on economic yield enhancement. For applied NP and K, PFP and AUE were calculated using the following equations.
PFP n = GY n /F n (1)
where, PFP n , PFP p , and PFP k are the partial factor productivity of NP and K, respectively, AUE n , AUE p , and AUE k agronomic use efficiency of N, P, and K, respectively. GY 0 , GY n , GY np , GY nk , and GY npk are the yields of the respective treatments (control, N alone, N with P, N with K, N with P and K, NPK+Zn, and farmer fertilizer management practice) and F n , F p , and F k are the amounts of applied N, P, and K, respectively. The quantity of all nutrients input and economic outputs are expressed in kg ha −1 . Association between control plot yields (Y 0 ) and soil organic carbon (OC), native NPK contents in soil were established by least square linear regression. The contribution of OC (%), native N, P, and K to Y 0 was determined by the following equation. 
Financial Budgeting
Financial budgeting of the different fertilizers treatments was done by marginal analysis. The cost of cultivation for rice and wheat was calculated on the basis of different crop management practices performed and input used (field preparation, seed, nursery raising and transplanting in case of rice, sowing in case of wheat, fertilizer management, irrigation, weed management, harvesting, threshing, and drying). Added net return for fertilization with NPK and Zn relative to FFMP was determined using the minimum support prices (MSP) of rice and wheat, declared by Government of India during 2016. Comparisons of yield for the entire RWCS were made on system rice grain equivalent yield (SRGEY) Mg ha −1 .
where, RGY = rice grain yield (kg), WGY = wheat grain yield (kg), PRG = MSP of rice grain (INR kg −1 ), and PWG = MSP of wheat grain (INR kg −1 ). Gross returns, net returns, B:C ratio of different treatments, and marginal returns (MR) of the given fertilizer treatment over control was calculated as per the following equations.
where, GMR, gross monetary returns; RY, monetary returns from seed yield; RS, monetary return from straw; NMR, Net monetary return; C, Cost of production; and BC, Benefit:Cost (B:C Ratio).
where, NMR t and NMR c are net monetary returns of treatment and control, respectively, while CC t and CC c are the cost of cultivation of treatment and control plots, respectively.
Statistical Analysis
Farmer fields were considered as a replication at each location and Randomized Block Design (RBD) was used for statistical comparisons. Descriptive statistical analysis was used for different parameters to establish the range of variability and deviation with in location using standard error of mean. Thereafter, the Randomized Block Design was used to compare treatment means within and between the locations [42] . The SAS (11.0 version) statistical tool was used for quantifying the location difference in the measured variables and presence of differences with in the treatment were tested with in the ANOVA by Fisher's F-test at 0.05 level of significance. When location and treatment interaction was significant it was compared with least significant difference (LSD) at the 5% level of significance. In this study we used the stepwise regression analysis technique to identify the most prominent yield affecting soil nutrients (NPK) and OC under zero external input supply condition.
Results
Effect of NPK and Zn on Grain Yield of Rice and Wheat
Grain yield of rice and wheat responded positively with the application of nutrients over control at all locations (Table 3) . However, the highest grain yield of both the crops was recorded with balance fertilization of NPK along with Zn. Among the locations, the highest improvement in yield of both rice and wheat was recorded at Katni. Averaged grain yield of rice and wheat over the location showed that, application of N alone recorded~55% higher rice grain yield, 50% higher wheat grain yield over control. The yield advantage due to N application over control varied from 28% (Nainital) to 114% (Pakur) in rice and 20% (Kanpur) to 134% (Pakur) in wheat. Application of N and P also exerted the significant effect on grain yield of both the crops at all the location, grain yield of rice and wheat enhances 105% and 97% over the control, respectively. The response of combined application of N and P varied from 75% (Nainital) to 234% (Pakur) in rice and 60% (Kanpur) to 307% (Pakur) in wheat. Combined application of N with K also followed similar yield enhancement trends over the control however, yield improvement could not keep pace with the combined application of N and P. The application of N with K increases the grain yield of rice and wheat by 80% and 73% over the control, respectively. Similarly, the average yield advantage at all locations due to combined application of NPK was 142% in rice and 137% in wheat over control. However, yield response of NPK varied from 99 to 293% in rice and 78 to 371% in wheat. The minimum and maximum yield advantage in both the crops due to NPK fertilizer treatment was noticed at Amritsar and Pakur, respectively. Application of NPK with Zn was over-yielded about 160% in rice and 152% in wheat compared to control. Averaged of all the locations showed that the plots received NPK with Zn fertilizers has recorded 160% higher grain yield of rice and 152% higher grain yield of wheat over the control. However, combined response of these fertilizer treatments varies from 107% (Nainital) to 305% (Pakur) in rice and 92% (Amritsar) to 384% (Pakur) in wheat over control.
Effect of NPK and Zn on System Productivity of RWCS
System productivity of RWCS was assessed in terms of rice grain equivalent yield (RGEY), Mg ha −1 . Among the locations, Samba recorded the lowest productivity of RWCS with fertilizer treatments (Figure 2 ). In contrast, the highest productivity of RWCS with fertilizer treatments was recorded at Amritsar, except with NPK and NPK+Zn fertilization, where Katni supersedes Amritsar. Application of N exerted a significant effect on RGEY and on an average a 106% productivity enhancement was recorded over the control across the locations. The yield improvement due to N application varied from 31% at Samba to 122% at Pakur over control. An approximately 3-fold productivity gain in RWCS was recorded with combined application of N and P over control across the locations; although, the increase in system productivity ranged from 83 to 265% over the control. Average productivity enhancement due to N and K imposition across the locations was 153%, however between the locations wide variations in productivity due to N and K fertilizer was also observed.
Minimum improvement in system productivity due to N and K was observed at Kanpur (57% over control) and the maximum was observed at Pakur (160% over control). Balance application of NP and K proves its superiority over the single application of these macronutrients and recorded 245% enhancement in system productivity over control. However, the maximum (326% over control) and minimum (89% over control) improvement in RGEY due to NP and K application was recorded at Pakur and Amritsar, respectively. Inclusion of Zn in fertilizers schedule again geared the productivity of RWCS at all the locations over control. Averaged of all the location revealed that the application of NPK and Zn resulted in 255% productivity enhancement of RWCS over control. However, response of these nutrients over the control varied among the locations, the maximum response (328%) was recorded at Pakur, while the lowest was at Amritsar (105%). productivity enhancement was recorded over the control across the locations. The yield improvement due to N application varied from 31% at Samba to 122% at Pakur over control. An approximately 3-fold productivity gain in RWCS was recorded with combined application of N and P over control across the locations; although, the increase in system productivity ranged from 83 to 265% over the control. Average productivity enhancement due to N and K imposition across the locations was 153%, however between the locations wide variations in productivity due to N and K fertilizer was also observed. Minimum improvement in system productivity due to N and K was observed at Kanpur (57% over control) and the maximum was observed at Pakur (160% over control). Balance application of NP and K proves its superiority over the single application of these macronutrients and recorded 245% enhancement in system productivity over control. However, the maximum (326% over control) and minimum (89% over control) improvement in RGEY due to NP and K application was recorded at Pakur and Amritsar, respectively. Inclusion of Zn in fertilizers schedule again geared the productivity of RWCS at all the locations over control. Averaged of all the location revealed that the application of NPK and Zn resulted in 255% productivity enhancement of RWCS over control. However, response of these nutrients over the control varied among the locations, the maximum response (328%) was recorded at Pakur, while the lowest was at Amritsar (105%). 
Effect of NPK on PFP of RWCS
PFPn of N alone in rice varied across the location and ranged from 19 kg grain kg −1 N at Pakur to 41 kg grain kg −1 N at Amritsar (Table 4) . PFPn of N alone in wheat also ranged from 15.5 kg grain kg −1 of N at Ambedkarnagar to 28 kg grain kg −1 N at Amritsar. However, across the locations the mean value of PFPn of N alone was 29 kg grain kg −1 N in rice and 21 kg grain kg −1 N in wheat. PFPn increases when combined application of N and P sorted in both rice and wheat across the locations. The combined effect of N and P recorded an average 31% and 29% higher PFPn over the N alone in rice and wheat, respectively. However, the combined effect of N and P on PFPn varied from location to location. The lowest value of PFPn of rice with P was at Amritsar (9 kg grain kg −1 N) and the highest at Pakur (35.9 kg grain kg −1 N). In contrast, the lowest value of PFPn was with P in wheat at 
PFP n of N alone in rice varied across the location and ranged from 19 kg grain kg −1 N at Pakur to 41 kg grain kg −1 N at Amritsar (Table 4 ). PFP n of N alone in wheat also ranged from 15.5 kg grain kg −1 of N at Ambedkarnagar to 28 kg grain kg −1 N at Amritsar. However, across the locations the mean value of PFP n of N alone was 29 kg grain kg −1 N in rice and 21 kg grain kg −1 N in wheat. PFP n increases when combined application of N and P sorted in both rice and wheat across the locations. The combined effect of N and P recorded an average 31% and 29% higher PFP n over the N alone in rice and wheat, respectively. However, the combined effect of N and P on PFP n varied from location to location. The lowest value of PFP n of rice with P was at Amritsar (9 kg grain kg −1 N) and the highest at Pakur (35.9 kg grain kg −1 N). In contrast, the lowest value of PFP n was with P in wheat at Ambedkarnagar (19 kg grain kg −1 N) and the highest at Amritsar (32 kg grain kg −1 N). Irrespective of locations, the conjoint use of N with K increases the PFP n in both the crops in RWCS over the N alone. However, the maximum increase in PFP n due to combined application of N with K over N alone was recorded at Nainital (18%) in the case of rice and at Samba (20%) in the case of wheat. PFP n was further increased over the N alone, when N applied with P and K together in both the crops. The average of PFP n across locations showed that the combined use of N with P and K resulted in 45 kg grain kg −1 N in rice and 33 kg grain kg −1 N in wheat. The maximum increment in PFP n of rice was registered at Katni (49%) and in wheat at Pakur (50%) over N alone. The minimum improvement in PFP n due to combined use of these the nutrients was noted at Amritsar in both rice and wheat over N alone. Improvement in PFP n over the remaining fertilizer combinations was also noted in both the crops across the locations where application of NPK was combined with Zn. Across locations, application of NPK+Zn increases PFP n approximately 66% and 67% in rice and wheat over N alone, respectively. Different combinations of NP and K influence the PFP p in both the crops across the locations. FFMP recorded the maximum mean value of PFP p in both the crops (Table 4 ). Combined application of P with N recorded the mean value of 71 kg grain kg −1 P in rice and 54 kg grain kg −1 P in wheat. However, PFP p of applied P with N varied from 45 kg grain kg −1 P (Amritsar) to 113 kg grain kg −1 P (Samba) in rice and 5 kg grain kg −1 P (Kanpur) to 69 kg grain kg −1 of P (Nainital) in wheat. A reasonable difference was noted in PFP p when P application was combined with N and K in both the crops at all locations. The mean of all the locations summarized that PFP p of NPK application both in rice and wheat was increased 20% over the combined application of N and P, respectively. The minimum and maximum improvements in PFP p of both the crops over N and P application were noted at Amritsar and Katni, respectively. Application of Zn with NPK further increases the PFP p of both rice and wheat over rest of the fertilizer treatments. However, PFP p of NPK+Zn in rice was varied between the locations and ranged from 54 kg grain kg −1 P at Amritsar to 137 kg grain kg −1 P at Samba, although maximum per cent increase in PFP p of rice due to Zn application along with NPK was noted at Katni (11%) over the combined application of NP and K. Similarly, in wheat PFP p of NPK+ Zn ranged from 36 kg grain kg −1 P at Amritsar to 103 kg grain kg −1 P at Katni. However, the maximum enhancement in PFP p of applied NPK+Zn over NP in wheat was observed at Amritsar (16%) and minimum at Pakur (15%). Irrespective of locations, Zn application recorded the higher values of PFP p over other fertilizer treatments in wheat.
PFP k for applied K with N when averaged over the location was 85 kg grain kg −1 K in rice and 86 kg grain kg −1 K in wheat (Table 4) . PFP k in rice however, ranged from 29 kg grain kg −1 K in Nainital to 199 kg grain kg −1 K in Samba. In wheat, PFP k ranged from 25 kg grain kg −1 K in Nainital to 139 kg grain kg −1 K in Katni. The combined application of NP and K increase the PFP k for applied K at all the location. Response of combined application of K along with N and P when averaged over the location was 114% in rice and 93% in wheat over N and K application. However, the response of applied K along with N and P in rice ranged from 19% at Ambedkarnagar to 45% at Katni over N and K application. In wheat, the increment in PFP k ranged from 5% at Dindori and 92% at Samba over the N and K application. Inclusion of Zn marginally reduces the PFP k at all locations in both the crops. The response of applied Zn when averaged over the location was negative in both the crops over NP and K application. However, the mean reduction in PFP k of wheat (31%) was more than in rice (6%). Although, PFP k of applied K with NPK and Zn was remains greater than the N and K application in both the crops at all the locations (Table 4) . 
Effect of NPK and Zn on AUE of RWCS
In our study, irrespective of fertilizer treatments, the agronomic use efficiency of applied N (AUE n ) is greater in rice than in wheat at all locations (Table 5 ). The AUE n of N alone when averaged over the locations was 9.8 kg grain kg −1 N in rice and 7.8 kg grain kg −1 N in wheat. However, AUE n of N alone in rice ranged from 5 kg grain kg N in Nainital to 16 kg grain kg of N in Amritsar. Similarly in wheat, AUE n of N alone ranged from 3 kg grain kg −1 N in Kanpur to 12 kg grain kg −1 N in Samba. AUE n increases at all the locations in both the crops, when N was supplied along with P. Mean of all the locations showed that when N was applied with P the AUE n was increases in the tune of 99% in rice and 108% in wheat over N alone. The AUE n was also higher when N was supplied with K than the N alone. When AUE n of applied N with K averaged across the locations was 14.4 kg grain kg −1 N in rice and 12.1 kg grain kg −1 N. AUE n was further increased when N was applied in combination with P and K over N alone in both the crops. However, when the response of N with P in terms of AUE n averaged over the location the increment in AUE n was 168% in rice and 206% in wheat over N alone. Application of Zn along with balance application of NPK augments the AUE n in both the crops in all the locations. When AUE n averaged over the locations, Zn contributed 6% and 17% enhancement in AUE n of rice and wheat over NPK, respectively.
Agronomic use efficiency of applied P (AUE p ) along with N was higher in rice than in wheat at all the locations. In rice, AUE p ranged from 26 kg grain kg P in Dindori to 83 kg grain kg P in Amritsar. However, in wheat AUE p ranged from 24 kg grain kg −1 P in Amritsar to 54 kg grain −1 kg P in Samba. The AUE p increases in both the crops when P fertilizer assigned with N and K in both the crops over N and P application. In rice the AUE p ranged from 8 kg grain kg P in Dindori to 98 kg grain kg P in Amritsar. Similarly, in wheat AUE p ranged from 7 kg grain −1 kg P in Amritsar to 64 kg grain −1 kg P in Katni. On an average across the locations, the applications of NPK along with Zn further augment the AUE p of rice by 34% and by 47% of wheat over the NP and K application.
In general, AUE of applied K (AUE k ) was greater in rice than in wheat in all the fertilizers treatment across the locations. When AUE k along with N averaged over the locations, in rice it ranged between 6 kg grain −1 kg K in Ambedkarnagar to 52 kg grain −1 kg K in Pakur, whereas in wheat the AUE k with N ranged from 8 kg grain −1 kg K in Ambedkarnagar to 50 kg grain −1 kg K in Pakur. Averaged of all the location indicates that the application of K with NP increases the AUE k in the tune of 59% in rice and 56% in wheat over N and K application. Application of Zn along with NPK attributed positive effect on AUE k in both the crops at all the locations. Across the locations 18% and 16% increment in AUE k was noticed in rice and wheat over NP and K application, respectively. Table 5 . Agronomic use efficiency (AUE) of N, P, and K (kg increased grain yield kg −1 nutrient applied) of rice and wheat in RWCS across the locations in India. 
Relationship of Available OC and NPK with the Productivity of Rice and Wheat in RWCS
Grain yield of rice and wheat in control plots (Y 0 ) was influenced significantly by native available N and P content in soil as indicated by highly significant positive correlation coefficients (Figure 3) . However, grain yield of both rice and wheat was not associated with OC (%) and native available K. The linear regression was very strong for available P (R 2 = 0.648 and 0.623 for rice and wheat, respectively) and weak for available N ((R 2 = 0.417 and 0.506 for rice and wheat, respectively). Other two inherent soil fertility parameters i.e., OC (%) and available K, have failed to affect the grain yield of both rice and wheat (Figure 3) . Amongst the four intrinsic soil fertility parameters calculated in this study, grain yield of both rice as well as wheat under control plots were found to be governed by only two parameters as described below. The conjoint contribution of available N and P contents in determination of grain yield of rice and wheat was 73% and 75%, respectively.
Grain yield of rice and wheat in control plots (Y0) was influenced significantly by native available N and P content in soil as indicated by highly significant positive correlation coefficients (Figure 3) . However, grain yield of both rice and wheat was not associated with OC (%) and native available K. The linear regression was very strong for available P (R 2 = 0.648 and 0.623 for rice and wheat, respectively) and weak for available N ((R 2 = 0.417 and 0.506 for rice and wheat, respectively). Other two inherent soil fertility parameters i.e., OC (%) and available K, have failed to affect the grain yield of both rice and wheat (Figure 3) . Amongst the four intrinsic soil fertility parameters calculated in this study, grain yield of both rice as well as wheat under control plots were found to be governed by only two parameters as described below. The conjoint contribution of available N and P contents in determination of grain yield of rice and wheat was 73% and 75%, respectively. (Table 6 ). Added mean net monetary return for RWCS was lowest (INR 29.5 × 10 3 ha −1 ) for application of N alone and the highest (INR 8.65 × 10 3 ha −1 ) for application of NPK+Zn compared to control (Table 7) . Among the locations, Katni registered the highest net monetary return (INR 176.6 × 10 3 ha −1 ) while Pakur registered the lowest net monetary return (INR 63.8 × 10 3 ha −1 ). The increase in mean net monetary returns from NPK+Zn over farmer practice was found to be 61%, across the locations while increase in the cost of cultivation due to balanced application was found to be only 11%. The mean data showed that cost of cultivation, gross returns, net returns, and B:C ratio were higher with balanced application of nutrients along with micronutrients over other nutrients management practices including farmers fertilizer management practices at all the locations (Tables 6 and 7) . Mean marginal returns (MR) of all the locations were found to be higher (INR 836 per 100 kg N applied) with N alone compared to combined application of NP, NK, NPK, NPK+Zn, and FFMP (Table 8) . Among all the locations, 
Financial Budgeting
The average cost of added fertilizer across the locations for RWCS was INR 4.8 × 10 3 ha −1 for N, INR 5.3 × 10 3 ha -1 for P, INR 2.0 × 10 3 ha -1 for K, and INR 3.0 × 10 3 ha -1 for Zn. Added fertilizer input cost for systems was small compared to the value of the increased gross return i.e., INR 34.9 × 10 3 ha −1 for N, INR 31.5 × 10 3 ha -1 for P, INR 15.0 × 10 3 ha -1 for K, and INR 10.3 × 10 3 ha -1 for Zn from the same combinations of fertilizer application (Table 6 ). Added mean net monetary return for RWCS was lowest (INR 29.5 × 10 3 ha −1 ) for application of N alone and the highest (INR 8.65 × 10 3 ha −1 ) for application of NPK+Zn compared to control (Table 7) . Among the locations, Katni registered the highest net monetary return (INR 176.6 × 10 3 ha −1 ) while Pakur registered the lowest net monetary return (INR 63.8 × 10 3 ha −1 ). The increase in mean net monetary returns from NPK+Zn over farmer practice was found to be 61%, across the locations while increase in the cost of cultivation due to balanced application was found to be only 11%. The mean data showed that cost of cultivation, gross returns, net returns, and B:C ratio were higher with balanced application of nutrients along with micronutrients over other nutrients management practices including farmers fertilizer management practices at all the locations (Tables 6 and 7) . Mean marginal returns (MR) of all the locations were found to be higher (INR 836 per 100 kg N applied) with N alone compared to combined application of NP, NK, NPK, NPK+Zn, and FFMP (Table 8) . Among all the locations, Pakur registered higher marginal return with FFMP (INR 1299 per 100 kg nutrient applied) whereas, minimum marginal returns was recorded at Dindori with application of N alone. The order of mean marginal returns across the locations was with N alone > NK > FFMP > NPK > NP > NPK+Zn. Although yield gains from added nutrients tended to be lower for wheat than rice, however the added net return remained high for wheat because of higher price of wheat grain as compare to rice and lower fertilizer cost for wheat as Zn was not applied to wheat at all the locations except at Ambedkarnagar. 
Discussion
Results of present study showed that, yield of both rice and wheat including SRGEY (system productivity) in RWCS was greater in plots, received N, NP, NPK, NPK+Zn, and FFMP over control (no fertilizer treatment was sorted) at all the locations in India. Among the fertilizer treatments, the highest grain yield of both rice and wheat as well as system productivity was recorded with balance fertilization of NPK and Zn. In the control plot (no fertilizer treatment assigned) the higher grain yield of rice, wheat, and SRGEY was reported at Amritsar, Nainital, Kanpur, and Dindori as compared to Katni, Samba, Ambedkarnagar, and Pakur (Table 4) . This difference in grain yield between high productivity region (Amritsar, Nainital, Kanpur, and Dindori) and low productivity region (Katni, Samba, Ambedkarnagar, and Pakur), was principally due to the variation in climatic conditions especially in rainfall, temperature and sunshine hours of the location [8, 43] , variation in management practices [2] , and in sowing and planting windows of rice and wheat (Table 3) . Dar et al. [21, 43] also reported the difference in productivity of RWCS among the various locations in India mainly due to late sowing of wheat after rice in RWCS. The well-developed irrigation infrastructure and climate suitability for the cultivation of rice and wheat in Amritsar, Nainital, and Kanpur may be the witnessed of higher productivity of RWCS at these locations (Table 1 and Section 2). Low productivity of RWCS in Katni, Samba, Ambedkarnagar, and Pakur were associated with poor irrigation facilities, rainfed condition and delayed transplanting and/or sowing of wheat. Poor yield of rice is associated with limited irrigation supply in northern Indian states and has been reported by many researchers [1, 2] . The land distribution in these low productivity regions are very skewed, and farmers having the land tenure system and reluctant to purchase the production inputs especially fertilizers and insecticides may also resulted in poor system productivity [2] . Hence, there is an ample scope to improve the productivity of RWCS in these areas through proper irrigation infrastructure development [44] , timely transplanting/sowing of rice and wheat in system [8, 45] , and proper fertilization. Farmers of the high productivity zone leaves the crop stubbles in the field, which after decomposition contributed in soil fertility build up in these regions. Our study suggested that balance fertilization of NPK along with Zn is the better option to enhance the productivity of RWCS across the locations. Hence, balance fertilization is indispensible for harvesting the targeted crop yield [46] . However, the response of NPK and Zn was lower in high productivity zone (Amritsar, Kanpur, Nainital, and Dindori) than the lower productivity zones (Katni, Pakur, Samba, and Ambedkarnagar). Thus, it may be inferred that response of applied nutrients (NPK) to rice and wheat decreased when Y 0 increased. Hence, Y 0 was highly dependent on soil inherent nutrients supplying capacity. In the present investigation, native available N and P contributed 73% and 76% variation in the Y 0 of rice and wheat, respectively, as per the following equations. PFP and AUE are the basic tools for judging the nutrients use efficiency of any nutrients management practice and to develop environmental sound nutrients management strategies. The PFP is increases by increased fertilizer application, better crop management practices, and by increasing nutrients conversion ratio in plant systems [8] . Proper fertilization and crop management practices led to the conversion of solar energy to produce the economic yield and increased the partial factor productivity [47] . PFP and AUE of N, P, and K were considerably improved when balance fertilization of NPK assorted in a particular plots. This was attributed due to synergistic effect of NP and K on plant growth. Balanced use of NPK helped better utilize native and applied nutrients and enhance nutrient use efficiency. Combined application of NPK increased N recovery up to 76% over conventional N and P application [48] . The PFP n and PFP k were further improved by Zn application in both the crops. However, PFP p showed the decreasing trends when P was applied with Zn, as P and Zn have antagonist effect on plant growth, which resulted in poor recovery of P [49] . In this study we have found that the PFP of applied P either alone or in combination with N and K was considerably higher in rice crop as compared to the wheat crop across the locations having different water regimes in contrary to the earlier reports that rice respond poorly to phosphorus as compared to wheat in RWCS [7, 50] . This indicates that at farmer's field rice is more responsive to N and P application as farmers of the selected locations uses the readily soluble SSP as a source of phosphatic fertilizer. The selected farmer's field was under RWCS from last 10 years at all the locations, which may cause the soil fatigue and degradation. Averaged of all the locations indicates that the application of NPK and Zn has increased the AUE n about 27% and 50% in rice and wheat over the FFMP, respectively. Similarly, AUE of P was also higher with N and K over FFMP in both the crops at all the locations. This was attributed mainly due to suboptimal use of fertilizers especially P and practically no use of K in RWCS by the farmers. It was elucidated with the data that most of the locations farmers are completely excluded the K application and applied suboptimal doses of P and higher doses of N than their local recommendations. Translocation of photosynthates in the plant system is largely governed by K, which ultimately determines the crop yield [51] . The essentiality of K for profitable cultivation of RWCS in India was advocated by several researchers [2, 52] . Potential of applied nutrients not realized for maintaining the sustainability of production system [53] . The resource poor and unaware farmers of the Indian subcontinent have a tendency to apply N in the name of fertilizer and not get the proper response. However, there is many fold opportunity to increase the AUE of applied nutrients especially N when supplied in adequate quantity along with PK and micronutrients across the climatic conditions.
With regards to the financial budgeting/analysis, balance dose of NPK and Zn recorded the significantly higher gross returns, net returns and B:C ratio over control. It was also interesting that the cost of cultivation of balance use of NPK and Zn was also higher as compared to the control, but added cost of fertilizers was less as compared to the yield enhancement in both the crops. Irrespective of the fertilizer treatments, among the locations the highest benefit: cost ratio (B:C ratio) of applied fertilizers in RWCS was recorded at Katni. Averaged of B:C ratio across the locations showed that the balance application of NPK and Zn recorded 97.7% higher B:C ratio over control. However, B:C ratio varied from 2.03 at Amritsar to 4.30 at Katni. Marginal profit analysis showed that across the locations farmers earned additional INR 7.9 invested in N fertilizers over control. Among the fertilizer treatments, application of recommended dose of N gained more additional income over the others. Farmers earned more income per INR invested with FFMP at all the location except at Dindori, Kanpur and Nainital over NPK and Zn application. This might be due to the poor response of K coupled with the high cost of K fertilizers. Hence, addition of K through fertilizers has not been an economical proposition in RWCS, perhaps due to replenishment of available K from nonexchangeable pool of soil as it contributes more than 50% of total K acquisition in RWCS [54] and through irrigation water. However, to build up the soil fertility on long term basis the application of potassium is advisable in RWCS [8] .
Conclusions and Recommendation
Productivity of rice and wheat in this study varies from field to field and location to location. Our study suggested that locations like Nainital, Pakur, Katni, Samba, and Dindori are located outside the IGP, a food granary of India, which might be the major contributors to India's food basket in the near future. Both the crops in RWCS responded well to balance fertilization at all the locations. However, the response of applied fertilizers was poor in high productivity zone as compared to low productivity zone as in high productivity area farmers already uses higher fertilizers as compare to low productivity zone. Hence, extension functionary should create the awareness among the farmers for proper crop management and timely sowing and planting of wheat and rice in low productivity zone. The balance fertilization should be in center for crop management strategies in RWCS. In higher productivity zones, research should be focused on improving nutrient-use efficiency through proper agronomic management practices.
